Although new device geometries require the growth of high quality thin films, kinetic effects during film growth can induce substantial roughening depending on the material, substrate, and deposition conditions. Deviations of surfaces/interfaces from flatness, as well as the presence of material defects (e.g. dislocations, impurities, etc.) may alter operation characteristics of microelectronic devices [1, 2] . Under this framework surface/interface disorder effects on thermo-electrical properties of thin films are of potential importance in the field of microelectronics.
For example, the presence of a rough metal/insulator interface was shown to influence the field breakdown mechanism [3] , as well as the capacitance and leakage currents in thin film capacitors [4] . Random rough surfaces influence the image potential of a charge situated in the vicinity of the vacuum/dielectric interface [5] [6] [7] [8] . Such roughness effects could have a strong influence in inversion layers at a semiconductor/oxide interface since they may cause a shift of electronic levels [5] [6] [7] [8] and consequently alter the device operation. In addition, surface/interface roughness has been shown to influence strongly the electrical conductivity of semiconducting and metallic thin film [9 -15] .
Besides electrical properties, thermal management problems in opto-electronic devices has been also a topic of intense research [16] [17] [18] [19] . Indeed, the lifetime of metallic interconnects in integrated circuits depends strongly on the operating temperature because of resistive heating temperature increment. In photothermal analyses [20] , metallic films deposited on dielectric substrates were utilised to deduce the dielectric thermal properties. The thermal conductivity K Thc ðhÞ of thin films is also less than its bulk value due to heat carrier surface and grain boundary scattering, which was confirmed also by experiment [16, 20, 21] . Finally, it has been shown that surface/interface roughness causes an increase of the film thermal capacitance kCl depending on specific roughness details [22] .
Although roughness strongly affects the thermal capacitance as a function of film thickness, a precise determination of the actual effect requires detailed knowledge of the thickness dependence of the involved roughness parameters during film growth [22] . Besides roughness variation with film thickness, also variation of the film thermal conductivity K Thc ðhÞ with film thickness has to be taken into account since kCl , K Thc ðhÞ: This will be the topic under detailed investigation in the present work for the case of mound surface roughness observed in thin films grown under the influence of significant Schwoebel barrier [23 -27] .
We consider a film of thickness h with only one surface rough held at temperature T 2 ; and the other one smooth held at temperature T 1 , T 2 ( Fig. 1 ) under steady heat flow conditions ð›T=›t ¼ 0 , 7 2 Tðx; y; zÞ ¼ 0Þ between the film boundaries. For the case of a random rough boundary with weak roughness (l7hl , 1 and w ! h), the film capacitance is given in Fourier space notation by [22] 
with K c ¼ p=a 0 ; where a 0 is a lower roughness cut-off of the order of the atomic spacing, t the time that the heat flux is passing through the film, klhðkÞl 2 l the roughness spectrum, and K Bulk the bulk thermal conductivity. K Thc ðhÞ is the (thickness dependent) thermal conductivity normal to the film plane. Note that in the derivation of Eqs. (1) and (2) we have assumed translation invariant surfaces ðkhðkÞhðk 0 Þl ¼ ½ð2pÞ 4 =AklhðkÞl 2 ldðk þ k 0 ÞÞ where A denotes the average flat macroscopic surface area. Moreover, the thermal conductivity K Thc ðhÞ in Eq. (1) is given for polycrystalline thin films by
with L the electron mean free path (i.e. L , 41 nm for example Au [16] ), R the electron reflection coefficient due to grain boundary scattering, and D the average grain size. The derivation of Eq. (3) is based on the form of the electrical conductivity normal to the film plane s Th ðhÞ ¼ s Bulk ½1 þ {3LR=2Dð1 2 RÞ} 21 for isotropic polycrystalline bulk material with randomly orientated grains [28] , and the use of the Wiedemann -Franz law assuming that electrons serve both as electrical and thermal carriers with phonons having negligible effect for metals [16] . This law was discovered initially for bulk materials, and has been proven to be valid also for thin films [17 -19] .
Furthermore, for the thermal capacitance calculations we will consider the case of mound roughness, which has been described in the past by the interface width w, the system correlation length z which determines how randomly the mounds are distributed on the surface, and the average mound separation l [23 -26] . Such a rough morphology can be described in Fourier space by the roughness spectrum For simplicity the thickness evolution of the roughness parameters (w, z, l ) was considered in terms of the relations w ¼ 0.5(h/10) 0.24 nm, z ¼ 10(h/10) 0.26 nm, and l ¼ 10(F)(h/10) 0.26 nm with F a parameter in order to distinguish for the cases l . z and l , z. The choice of these thickness variations are suggested by experimental facts. For example, the average mound separation has been shown to evolve with film thickness (or growth time for fixed deposition rate) as l / h d (0.16 # l # 0.26) [23 -26] , and the rms roughness amplitude as w / h b (b , 1) [27] . Such a choice satisfies also the requirement of weak roughness ðl7hl , 1Þ or alternatively small rms local surface slope r rms ¼ kl7hl 2 l 1=2 , 1 and small rms roughness amplitude w p h: Fig. 2 shows the dependence of the local surface slope r rms ¼ kl7hl 2 l 1=2 on film thickness for various values of the parameter F. The oscillatory behaviour for F ¼ 0.5 and thus l , z is typical for mound roughness due to the characteristic satellite ring at k ¼ 2p/l of the power spectrum klhðkÞl 2 l; that leads also to oscillations also of the corresponding real space correlation function. For F $ 1 a behaviour characteristic to that of a typical Gaussian random roughness evolves with a continues decreasing local slope since w/l and w/z decrease with increasing film thickness (w=l and w=z / h 20:02 ! 0 if h @ 1). Since from Eq. (5) we have klhðkÞl 2 l / w 2 ; the thermal capacitance kCl will have a simple dependence on the roughness amplitude w, while any complex dependence will arise as a function of the lateral length scales z and l through the factor MðhÞ: Moreover, during the calculations of kCl we considered the average grain size D in Eq. (3) to be related to the lateral roughness parameters z and l by means of the equation 2=D 2 ¼ 1=z 2 þ 1=l 2 (accounting also for grain size changes with film thickness h ). Fig. 3 shows the dependence of the thermal capacitance ratio kCl=C B (with C B ¼C B £ 10 4 ) as a function of the film thickness for various values of the coefficient F or equivalently different magnitudes of z and l. Indeed, for z . l (F , 1) the thermal capacitance kCl decays much faster with increasing film thickness h while a weak oscillation is visible for low film thickness ðh , L=2Þ as the arrow indicates which is a reminiscent from the local slope oscillatory behaviour in Fig. 2 . For z # l ðF . 1Þ the relative reduction of kCl is slower as the thickness increases especially for small system correlation lengths z p l ðF q 1Þ:
In order to understand the influence of the thickness dependent terms K Thc ðhÞ and MðhÞ on the thermal capacitance kCl we plot them in Fig. 4 separately as a function of film thickness. Indeed, with increasing thickness h, the roughness term MðhÞ clearly decreases with roughness following closely the behaviour of the local surface slope r rms ¼ kl7hl 2 l 1=2 ; while the thermal capacitance K Thc ðhÞ increases approaching values for large thickness close to the bulk thermal conductivity. Since the change of the roughness term MðhÞ is much stronger than that of K Thc ðhÞ; not only in magnitude but also in rate of decrement, the roughness contribution will be the dominant one as a function of film thickness. Similar is the behaviour for various mean free paths L where however, K Thc ðhÞ increases with decreasing L.
Notably, with increasing reflection coefficient R (stronger electron scattering at grain boundaries) the thermal capacitance kCl decreases strongly in magnitude and at a fast rate for relatively small film thickness (, L/2; Fig. 5 ). On the other hand, as the inset of Fig. 5 indicates, with decreasing electron mean free path L the thermal capacitance kCl increases strongly in magnitude and at a faster rate with decreasing h. In comparison with the effect of R, the influence of the mean free path L is more drastic in the magnitude of kCl as Fig. 5 indicates.
Since in the expression of MðhÞ the third term has low significance due to its 1/h dependence, neglecting this term and extending the integral of the second term to infinity we obtain MðhÞ < h 22 {1 þ w 2 ðz 22 þ p 2 l 22 Þ} which yields for the termal capacitance kCl the simple analytic expression
Besides the case of mound roughness, similar results will be obtained for the case of self-affine roughness which is characterised by the roughness exponent H ð0 , H , 1Þ; the rms roughness amplitude w, and the in-plane correlation length j [29] [30] [31] . Also in this case w and j evolve with film thickness as power-laws such that w / h b and j / h 1=z (with b , 1 and 1=z , 1) [29 -31] . Qualitatively the thickness dependence of kCl will be similar to the case of mound roughness (which corresponds to H < 1) with Gaussian character (z , l ). Notably, if we consider in this case for klhðkÞl 2 l the Lorentzian model [32,
; we obtain for kCl the simple expression (ignoring in Eq. (3) the third term due to its 1/h dependence)
In summary, we investigated the thickness dependence of the thermal capacitance of thin films with one smooth boundary and the other rather rough at nanometer length scales. Besides dynamic roughness evolution with film thickness, also thickness variation of the film thermal conductivity were taken into account for the case of polycrystalline films. The surface roughness contribution is the dominant one leading to a reduction of the thermal capacitance with increasing film thickness which is modified, however, by details of the corresponding scattering mechanisms that determine heat carrier transport at relatively low film thickness ðh , LÞ: 
